ABSTRACT
INTRODUCTION
At the initial design stage of a ship, only speed is provided in the design specifications. Its principal dimensions are usually predicted based on the prescribed ship speed. Or inversely, its speed is predicted based on its principal dimensions. More often than not, the principal dimensions are evaluated either through empirical formulas or through parent ships. This paper is focused on the study of empirical formulas. The method of parent ships will be ignored throughout the paper.
A variety of empirical formulas have been obtained through regression of ship data of various types [2] . For example, there have been empirical formulas for bulk carriers, container ships, oil tankers and passenger liners to estimate their principal dimensions based on given ship speed or vice versa. There is, however, a lack of regression formulas relating the speed to principal dimensions of an aircraft carrier. It is thus needed to find the regression formulas for evaluating the relations between principal dimensions and the speed for aircraft carriers.
To obtain empirical formulas for evaluating speed of an aircraft carrier, 125 sets of data of aircraft carriers [3] are collected. Among them, only 105 have been used in our regression analysis [6] because the information provided in the rest 20 sets of data is not complete. In this paper, regression analysis of available data is presented based on aircraft carriers and regression formulas are obtained for predicting the principal dimensions based on speed performance of an aircraft carrier or vice versa. Different regression formulas are determined through application of various regression forms. The confidence of each regression formula is analyzed through variance [4, 7] . So the most suitable regression formulas for various types of aircraft carriers are given and different regression formulas can be chosen to use for diverse purposes.
REGRESSION ANALYSIS
The scatters of available data of aircraft carriers are large. To reduce uncertainty aircraft carriers data are divided into different categories. In each category regression analysis is separately performed.
Classification by Froude number
Based on Froude number (Fr) surface vessels of displacement type fall into three categories: low-speed vessel, medium-speed vessel and high-speed vessel. Fr [1] is defined by: Low-speed ships are those which Froude numbers are smaller than 0.18, that is, Fr < 0.18; Medium-speed ships are those which Froude numbers are between 0.18 and 0.30, that is, 0.18 < Fr < 0.30; High-speed ships are those which Froude numbers are larger than 0.30, that is, Fr > 0.30. Analyzing the speed data of aircraft carriers shows that the Froude numbers of aircraft carriers are almost all larger than 0.18. Therefore the regression analysis will be focused on medium-speed and high-speed aircraft carriers.
Medium-speed aircraft carriers a) Ayre formula regression
Ayre formula relates Froude number to the ratio of ship length to the cubic root of its displacement. The Ayre formula for civil vessels and merchant ships which lengths are between 120 m and 140 m is known to be [5] : L/Δ 1/3 = 3.344 + 10.225Fr (2) where:
Based on the available data regression analysis is performed for medium-speed aircraft carriers in the form of Ayre formula. The finally obtained regression formula for medium-speed aircraft carriers is: L/Δ 1/3 = 12.636Fr + 4.235 (3) In Fig. 1 the data pairs (L/Δ 1/3 , Fr) based on 49 carriers are plotted. The curve corresponding to the above formula is also given in the figure. The variance estimated from the data is 0.566, thus showing an unsatisfactory agreement. To improve the accuracy and reduce the variance, quadratic form is employed in the following section for the regression. In the Ayre formula the quantity L/Δ 1/3 is assumed a linear function of Froude number, which does not describe the data very well as shown in Fig. 1 . A regression formula of quadratic form is therefore used to replace Ayre formula in the hope to reduce the variance. Following the same procedures as above, the regression formula of quadratic form is obtained for medium-speed aircraft carriers as follows:
L/Δ 1/3 = 202.37Fr 2 -88.407Fr + 16.663 (4) The data and the regression curve are all plotted in Fig. 2 . The variance in this case is 0.541.
Fig. 2. Polynomial regression analysis of medium-speed aircraft carriers
Comparing the variance of Ayre formula with quadratic formula, we conclude that the latter does not improve much over the former (one being 0.566 and the other 0.541). The reason is that the scatters of the data as shown in Figs. 1 and 2 are large. This problem will be discussed further in the following section.
c) Three-dimensional regression
The above analyses indicate that the regression results are not satisfactory even quadratic form regression is employed. To reduce variance further one more variable is introduced, that is, ship beam into the regression formula. Although the beam is often used to represent stability, the variance is indeed reduced somewhat through introduction of the beam into the regression formula. Because three variables are involved the regression formula is thus a three-dimensional one. The three non-dimensional variables are L/Δ 1/3 , B/Δ 1/3 and Fr. Regression analysis in three-dimensional form has been performed based on 49 sets of data. The obtained threedimensional regression formula is given in the form of: (5) where:
The data and the regression surface corresponding to the three-dimensional regression formula are plotted in Fig. 3 . The variance estimated from the data is 0.483, having been improved slightly over the quadratic regression formula. 
The regression curve corresponding to the above formula and the 54 pairs of data are all plotted in Fig. 4 . The variance estimated from the data is 0.355. Comparing with the Ayre formula for medium-speed carriers, we conclude that the Ayre formula for high-speed carriers is better in terms of variance.
b) Quadratic regression
In order to reduce the variance the quadratic form is used to replace the linear form, that is, quadratic regression formula is obtained to replace the Ayre formula which does not represent the data very well as shown in Fig. 4 . The obtained regression formula for high-speed aircraft carriers is: L/Δ 1/3 = -101.58Fr 2 + 71.466Fr -4.186 (7) The variance in this case is 0.350 by analyzing the data and the regression curve plotted in Fig. 5 , showing negligible improvement over the Ayre formula. 
Classification by Displacement
Alternatively, aircraft carriers may also fall into three categories: light aircraft carriers, medium aircraft carriers and large aircraft carriers based on displacement. Large aircraft carriers are those which displacements are over 60000 tons, medium aircraft carriers are those which displacements are between 30000 to 60000 tons and light aircraft carriers are those which displacements are less than 30000 tons. The 83 sets of data and the regression curve are plotted in Fig. 7 , and the estimated variance is 0.541. The variance shows an unsatisfactory agreement. Again, quadratic form is employed in the following section for the regression. The variance is estimated to be 0.501. Again the conclusion is drawn that the quadratic regression does not improve much over the Ayre formula (see Fig. 8 ). Regression analysis in the form of three-dimensional formula for light aircraft carriers has been performed. The final regression formula in the three-dimensional form is:
The variance estimated from the data is 0.473. The data and the regression surface are shown in Fig. 9 . The variance estimated from the data is 0.249. The regression curve is nearly flat in this case as shown in Fig. 10 . The variance estimated from the data is 0.239. It is just a little better than Ayre formula (see Fig. 11 ). The variance estimated from the data is 0.204. The regression surface and the data are plotted in Fig. 12. 
Large aircraft carriers a) Ayre formula regression
Data for large carriers are even less, only 7 sets of data available. Based on the 7 sets of data, the following regression curve is obtained in the form of Ayre formula:
The data and regression curve are plotted in Fig. 13 . The variance estimated from the data for this case is 5.995×10 -2 . 17) The data based on 7 carriers and regression surface are plotted in Fig. 15 . The variance in this case is 4.561×10 -3 . 
2.3.Classification by Power
The third approach used to classify aircraft carriers is based on the power plant. Based on power plant aircraft carriers are classified into conventional-powered aircraft carriers and nuclear-powered aircraft carriers. There are 12 carriers of nuclear-powered class in the world. They are Enterprise, Nimitz class, Improved Nimitz class and Charles de Gaulle. The rest are all conventional-powered. The variance estimated from the data based on 102 carriers is 0.497. The data and regression curve are shown in Fig. 16 . In this case, the variance is large due to the large scatters in the data. The variance is 0.471. Both the data and the regression curve are shown in Fig. 17 . No much improvement has been observed by replacing Ayre regression formula with the quadratic regression formula. The variance estimated from the data based on 102 carriers is 0.448. The correlation between the data and regression surface is clearly shown in Fig. 18 . There are 12 nuclear-powered aircraft carriers ever built. They are however pertaining to only four different types, that is, Enterprise (only one), Nimitz class (3), Improved Nimitz class (7) and Charles de Gaulle (only one). Therefore, there have only been four sets of data available for nuclear-powered carriers. The regression formula relating the displacement length to Froude number is:
L/Δ 1/3 = 28.769Fr -0.277
The variance estimated from the data is 3.049×10 -2 (see Fig. 19 ). The variance in this case is 9.943×10 -5 . In Fig. 20 , the data and the regression formula are in perfect agreement as expected because there are only four sets of data. The regression formula in three-dimensional form has also been performed with excellent results. The obtained threedimensional regression formula is:
The variance in this case is 4.896×10 -10 . It is a perfect surface as shown in Fig. 21 . 
DISCUSSION
Regression theory states that the smaller the variance is the better the regression is. For comparison all the previous results are placed in Tab. 1. From the Table, conclusion may be drawn that in general the variances of regression formulas of quadratic form are smaller than those of the Ayre formula, thus the latter being better than the former. Moreover, the variances of threedimensional regression formulas are smaller than the other two forms of regression formulas. Therefore, three-dimensional regression formulas are the best among the three regression methods. Although ship beam B is generally not present in such regression formulas for civil vessels, three-dimensional regression formulas for carriers are recommended because they do improve the regression accuracy apparently.
Of particular interest are large carriers and nuclear-powered carriers. Their regression is excellent. This may be attributed to the fact that large carriers are smaller in number and thus the sample scatters are small, too. Another reason is that these large carriers are built following almost the same plans. Take nuclear-powered carriers for instance. Twelve nuclear-powered carriers are in fact built based on four different categories.
EXAMPLE
In this section, several examples are given to demonstrate the use of the regression formulas obtained in this paper. Based on given displacement, length and beam of a given aircraft carrier, its speed is predicted as shown in Table 2 . In the Table, the real-ship speed is also given for comparison.
In general, 3-D regression formulas are better than the other. From Table 2 , however, there are occasional cases where speed predictions from quadratic form or Ayre form are better than 3-D form, but the differences are not significant. Therefore, three-dimensional regression formulas are recommended for use at the initial design stage of a carrier.
CONCLUSION
Empirical formulas relating speed with other principal dimensions of a ship play an important role at the initial stage of design. In this paper such empirical formulas for carriers are 
